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ABSTRACT
Kinematic studies have produced accurate measurements of the total dark matter
mass and mean dark matter density within the optical extent of galaxies, for large
samples of objects. Here we consider theoretical predictions for the latter quantity,
ρ¯dm, measured within the isophotal radius R23.5, for isolated halos with universal
density profiles. Through a combination of empirical scaling relations, we show that
ρ¯dm is expected to depend weakly on halo mass and strongly on redshift. When galaxy
halos fall into larger groups or clusters they become tidally stripped, reducing their
total dark matter mass, but this process is expected to preserve central density until
an object is close to disruption. We confirm this with collisonless simulations of cluster
formation, finding that subhalos have values of ρ¯dm close to the analytic predictions.
This suggests that ρ¯dm may be a useful indicator of infall redshift onto the cluster.
We test this hypothesis with data from the SHIVir survey, which covers a reasonable
fraction of the Virgo cluster. We find that galaxies with high ρ¯dm do indeed trace
the densest regions of the cluster, with a few notable exceptions. Samples selected by
environment have higher densities at a significance of 3.5–4σ, while samples selected
by density are more clustered at 3–3.5σ significance. We conclude that halo density
can be a powerful tracer of the assembly history of clusters and their member galaxies.
Key words: dark matter – galaxies: evolution – galaxies: kinematics and dynamics –
galaxies: clusters: general – galaxies: clusters: individual (Virgo) – cosmology: theory
1 INTRODUCTION
In the standard picture of cosmological structure formation
(e.g. White & Rees 1978), galaxies form initially via gas
cooling in individual dark matter haloes; these haloes then
merge hierarchically into groups and clusters of galaxies. In
some cases, the merger of two haloes leads to a subsequent
merger of their central galaxies; in other cases the smaller
galaxy survives as a satellite occupying a self-bound ‘sub-
halo’ that corresponds to a tidally truncated version of its
original halo. In particular, all non-central cluster galaxies
should occupy subhalos, whose inner structure is cut off from
further growth or evolution. The dark matter distribution
immediately surrounding these galaxies, out to distances of
tens of kpc or more, should reflect the properties of the ‘field’
halos they first formed in.
Field halos themselves carry the imprint of a forma-
tion epoch at which they assembled some critical fraction
of their mass in the density of the central region, expressed
? E-mail: taylor@uwaterloo.ca
indirectly, for instance, via the halo concentration parame-
ter (Navarro et al. 1997). Halo growth typically progresses
through rapid and slow phases (e.g. Wechsler et al. 2002;
Zhao et al. 2009). The central region forms and its density
is set during the rapid growth phase, while subsequent slow
growth leaves the central region unchanged.
Combining these two ideas, that hierarchical merging
preserves the central density of subhalos, and that this den-
sity reflects the epoch at which the subhalo formed, leads
to the conclusion that an estimate of the dark matter densi-
ties in the subhalos of cluster member galaxies could reveal
their history as independent objects before they fell into the
cluster. Since the galaxy distribution within clusters is pre-
dicted to show radial gradients in infall epoch (e.g. Mamon
et al. 2004; Mahajan et al. 2011; Oman et al. 2013; Rhee
et al. 2017), one should expect to see matching patterns in
subhalo density.
Gradients in stellar age or star formation rate have been
measured in many different forms for galaxies in groups and
clusters (e.g. Biviano et al. 1997; Ellingson et al. 2001; Ko-
dama et al. 2004; Balogh et al. 2004b,a; Rines et al. 2005;
c© 2019 The Authors
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Haines et al. 2006, 2009; Roediger et al. 2011b; Herna´ndez-
Ferna´ndez et al. 2014). Stellar ages and star formation his-
tory need not track the assembly history of a galaxy, how-
ever (e.g. Hill et al. 2017). A dark matter halo may assem-
ble early on, but not undergo much star formation until
later; conversely, stars may form in small halos and merge
together in a subsequent event that resets the density of the
dark matter halo, but preserves the old stellar populations.
The latter phenomenon, ‘dry merging’, is suggested to be an
essential part of the formation sequence for the most mas-
sive ellipticals that dominate clusters (e.g. Faber et al. 2007;
Khochfar & Silk 2009; Lidman et al. 2012). To demonstrate
and quantify the age gradients expected from the theory of
structure formation requires that they be measured through
the properties of the dark matter component. In particu-
lar, dark matter subhalos in the central regions of clusters
must be shown to have higher densities than those at the
periphery or in the field.
Probing the mass distribution around individual cluster
galaxies is observationally challenging. Gravitational lensing
provides a direct probe of the entire (projected) mass dis-
tribution, but becomes noisy as the angular scale of interest
decreases to the scale radius of typical galaxy halos (30–
50 kpc, corresponding to 5–10 arcminutes at the distance of
Virgo, the nearest large cluster) for relatively sparse ground-
based shape catalogues. Furthermore, since lensing probes
the projected mass distribution, separating cluster and sub-
halo contributions can be challenging (e.g. Gillis et al. 2013;
Li et al. 2014; Sifo´n et al. 2015; Li et al. 2016; Niemiec et al.
2017; Sifo´n et al. 2018). The potential of lensing should in-
crease dramatically with forthcoming space-based missions
such as Euclid1 and WFIRST2.
Kinematical mass determinations have the opposite
problem; these tend to be most accurate on small scales (<
20 kpc) where they are dominated by the baryonic compo-
nent. Kinematical masses determined using deep long-slit
spectroscopy, however, may help bridge the gap between
both scales and sample the intermediate range of 1 to 4
Re where the baryon and dark-matter fractions are roughly
equal. Using this method, the “Spectroscopy and H-band
Imaging of the Virgo cluster” (SHIVir) survey (Ouellette et
al. 2017) has measured kinematics out to large radii for al-
most 200 galaxies in the Virgo cluster. This dataset presents
an opportunity to test the dark matter density in the sub-
halos of cluster members, over a large fraction of the cluster.
First, however, we review theoretical expectations for
the dark matter density at small radii around galaxies.
These predictions combine the current understanding of halo
properties (such as the infall redshift distribution and the
concentration-mass relation), galaxy scaling relations (such
as the size-stellar mass relation), and finally the stellar-to-
halo-mass relation (SHMR). As a result, the expected pat-
tern is not obvious a priori, even in the absence of compli-
cating effects such as adiabatic contraction.
The outline of the paper is as follows. In section 2,
we derive the expected scaling of halo density with stellar
mass, using scaling relations, an analytic model, and colli-
sionless cosmological simulations. In section 3, we describe
1 http://sci.esa.int/euclid
2 https://wfirst.gsfc.nasa.gov
the SHIVir survey, and compare the densities measured by
SHIVir to the predictions of the previous section. In section 4
we study the variation of density with environment across
Virgo, showing that it does appear to trace the assembly
history of the cluster. In section 5 we consider a few com-
plications and challenges to this interpretation, and their
possible effects on the result. Finally, in section 6 we con-
clude on the potential for dark matter density to reveal the
evolutionary history of galaxies in other environments. Un-
less otherwise specified, we assume a Planck cosmology with
Ωm,0 = 0.315, ΩΛ,0 = 0.685, and H0 = 100h km/s/Mpc
with h = 0.674 (Planck Collaboration et al. 2018).
2 THEORETICAL PREDICTIONS FOR HALO
DENSITY
2.1 Expected dependence on stellar mass
In the absence of baryonic effects, cosmological simulations
indicate that dark matter should assemble into halos with a
universal density profile, independent of mass, redshift or
cosmology. This is most commonly approximated by the
Navarro-Frenk-White (NFW – Navarro et al. 1996, 1997)
profile
ρ(r) =
ρ0
(r/rs)(1 + r/rs)2
. (1)
The NFW profile is characterized by a density ρ0, a scale
radius rs, and an outer ‘virial’ radius rvir, or equivalently by
ρ0, rs, and a concentration parameter c ≡ rvir/rs. The outer,
or virial, radius rvir is normally defined as the radius within
which the mean density exceeds a reference background den-
sity ρbg by a specific (possibly redshift-dependent) factor
∆(z). Here we will take the background density ρbg to be
equal to the critical density ρc(z) = 3H(z)
2/8piG, and the
overdensity to be the fixed value ∆ = 200.
More detailed studies at higher resolution (Navarro et
al. 2004; Merritt et al. 2006; Gao et al. 2008) indicate that
the mean halo density profile actually varies slightly with
mass and redshift, and is better fit by the ‘Einasto’ profile
(Einasto 1965), which has an extra free shape parameter
α. The differences between the two profiles are largest on
cluster-mass scales, however; for low-redshift galaxy halos
where α ∼ 0.15, the NFW profile remains an accurate fit
to within 10–20% over the radial range 0.1–10 rs. Thus, for
simplicity, we will assume an NFW profile in our predictions.
Given the definitions above, the total mass of the dark
matter halo is
Mh = 4piρ0r
3
s f(c) , (2)
where
f(x) = ln(1 + x)− x
(1 + x)
, (3)
while the mean density of the halo is
ρ¯(< rvir) =
3Mh
4pir3vir
= 3ρ0
f(c)
c3
= ∆(z)ρbg . (4)
Our comparisons with observations will focus on R23.5,
the radius at which the projected surface brightness profile
drops below 23.5 mag arcsec−2 in the i-band. Empirically,
in the SHIVir data set discussed below, this radius scales
with stellar mass roughly as R23.5 ∝ M1/3∗ . Ouellette et al.
MNRAS 000, 1–17 (2019)
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(2017) also showed that the 3D radius ro ∼ R23.5 ∝M1/3∗ .3
The density within this radius should then scale as
ρ¯23.5 =
3M(< ro)
4pir3o
(5)
=
(
3Mh
4pir3vir
)
f(xo)
f(c)
1
(ro/rvir)3
(6)
= ∆(z)ρc(z)
f(xo)
f(c)
(
rvir/rs
ro/rs
)3
(7)
= 200ρc(z)
f(xo)/x
3
o
f(c)/c3
, (8)
where xo = ro/rs and f(x) given by equation 3.
For the range of halo masses relevant here, and over
the redshift range z = 0–3, xo is typically in the range ∼
0.12–0.25 (cf. Figs A1,A2), while the mean concentration
parameter, c, ranges from 3 to 20. In the range for xo,
the function f(x)/x3 scales as x−δ1 , with δ1 = 1.1–1.3 (cf.
Fig. A3), while in the range for c, f(c)/c3 scales as c−δ2 , with
δ2 = 2.1–2.5 (cf. Fig. A4). If we further assume that Mh ∝
Mβ∗ , where β is the inverse logarithmic slope of the stellar-
to-halo mass relation (SHMR), and that the concentration
scales with mass as c ∼M−0.09h (e.g. Duffy et al. 2008), then
since ro ∝M1/3∗ and rvir ∝M1/3h , we have
ρ¯23.5 ∝ ρc(z)x−δ1cδ2 (9)
∝ ρc(z) r−δ1o rδ1s cδ2 (10)
∝ ρc(z) r−δ1o rδ1vir c−δ1cδ2 (11)
∝ ρc(z)M−δ1/3∗ Mδ1/3h M−0.09(δ1−δ2)h (12)
∝ ρc(z)M−δ1/3∗ Mβδ1/3∗ M−0.09β(δ1−δ2)∗ (13)
∝ ρc(z)Mγ∗ (14)
where
γ =
d ln ρ¯
d lnM∗
= −δ1
3
(1− β)− 0.09β(δ1 − δ2) . (15)
Using the analytic SHMR of Behroozi et al. (2013),
we find that β ranges from a value of ∼ 0.5 at low
masses (log10 M∗ = 8.5–10), to ∼ 2 or more at high masses
(log10 M∗ ∼ 11). Combining this with the values δ1 ∼ 1.2
and δ2 ∼ 2.3, we predict that γ should vary from −0.15 at
low mass to +0.6 at high mass. The fact that this slope
ranges from mildly negative to slightly positive over the
broad range of stellar mass corresponding to typical galaxies
indicates that the overall trend in mean dark matter density
with stellar mass should be approximately flat at a given red-
shift.
The main redshift dependence of ρ¯23.5 is through the
critical density, which scales as H(z)2, varying by a factor of
20 from z = 0 to z = 3 in our chosen cosmology. The actual
range of density may be reduced by the redshift dependence
of the concentration-mass relation, however; the mean con-
centration drops by a factor of 2–3, depending on the halo
mass, between z = 0 to z = 3. Since ρ¯23.5 ∝ cδ2 ∼ c2.3,
we expect the density range to be reduced by a factor of (2–
3)2.3 ∼ 4–8, so the range may only vary by 2–4 from z = 0 to
3 We note that the proportionality constant may be slightly dif-
ferent for early and late type galaxies – see Ouellette et al. (2017)
– but we will ignore this complication here.
z = 3. We will show that this is indeed the range predicted
by our more detailed analytic model (cf. Fig.2 below).
This scaling argument ignores many complications,
however, including the scatter in the ro–M∗ and M∗–Mh re-
lations and the curvature in the latter. To account for these,
we will proceed to construct a more realistic, analytic model
for the variation of ρ23.5 with M∗.
2.2 A more detailed analytic model
We now consider a more detailed model for the dependence
of mean dark matter density on stellar mass. The model
includes three main components:
(i) A stellar-to-halo mass relationship (SHMR), or its in-
verse, the halo-to-stellar mass relationship (HSMR), to con-
vert between observed stellar masses and corresponding dark
matter halo masses, and a description of the scatter in this
relationship.
(ii) A mean concentration-mass-redshift relation, and a
description of the scatter in this relationship.
(iii) An empirical relationship between R23.5 or ro and
stellar mass, and a description of the scatter in this rela-
tionship.
For the HSMR, we use the functional form proposed by
Behroozi et al. (2010)
log10(Mh) =
log10(M1) + β log10
(
M∗
M∗,0
)
+
(
M∗
M∗,0
)δ
1 +
(
M∗
M∗,0
)−γ − 12 ,
We use the parameter values [log(M1/M), log(M∗,0/M),
β, δ, and γ] = [12.45, 10.35, 0.39, 0.4, 1.0], determined in
Grossauer et al. (2015) by fitting the stellar mass function of
the Next Generation Virgo Cluster Survey (Ferrarese et al.
2012), over the range log(M∗/M) = 5.0–10.5. They note
that δ and γ are not well constrained by these data; after
some experimentation we have adopted the values [δ, γ] =
[0.2, 1.0] instead, as these produce a more reasonable range
of halo masses at large stellar mass, given the bias introduced
by scatter in the relation.
SHMR models normally assume log-normal scatter in
stellar mass at fixed halo mass, σM∗ . Fitting to data at low
redshift, Leauthaud et al. (2012) estimated that σM∗ ∼ 0.2.
Here we will include this scatter approximately by adding
log-normal scatter σMh = 0.2 to the HSMR. This approach
is not technically correct as it biases the mean relation, as
discussed in Leauthaud et al. (2012), but the bias can be
accounted for by adjusting the value of δ and γ as discussed
above.
For the concentration-mass redshift relation, we use the
model of Klypin et al. (2016)
c(Mh) = c0
(
Mh
M12
)−γ [
1 +
(
Mh
M0
)0.4]
, (16)
where M12 = 10
12h−1M. The authors list values of the
constants c0, γ and M0 for the Planck cosmology at vari-
ous discrete redshifts in their Table 2. We use the following
MNRAS 000, 1–17 (2019)
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Figure 1. Outer isophotal radius versus stellar mass, for the
SHIVir sample (green squares). The line indicates a power law
of slope 1/3, while the blue circles are a random sample with a
mean and r.m.s. given by the model described in the text.
approximations to interpolate these to other redshifts
c0(z) = 0.5 + 7.5/(1 + z) ; (17)
γ(z) = 0.078 + 0.05 exp(−z) ; (18)
log10 M0(z) = −1.5 + 8.0/(1 + z) . (19)
The scatter in the concentration-mass relation is taken to
be log-normal, with a fixed amplitude σlog c = 0.16, based
on the results of Diemer & Kravtsov (2015).
Finally, we determine the relationship between R23.5
and stellar mass empirically from the SHIVir data (discussed
in Section 3 below). Fig. 1 shows R23.5 versus M∗ for the
SHIVir sample (green squares). The solid line shows the sin-
gle power-law approximation, R23.5 ∼ ro ∝ M1/3∗ , used to
derive the scaling relation in the previous section. While this
is a reasonable fit to the data, the slope appears to show
some curvature, flattening at low stellar mass and increas-
ing at high mass (see also Ouellette et al. 2017). We adopt
the following model for the mean relation
R23.5 ∼ ro =
[
1.0 + 5.5
(
M∗
1010M
)0.45]
kpc , (20)
while we take the scatter to be log-normal with a mass-
dependent r.m.s. value
σ(R23.5) = 0.2 [log10(M∗/M)− 7.0] . (21)
The blue background points in Fig. 1 show a random sample
of values with this mean and scatter. Overall, they provide
a fairly good description of the data, although there are
somewhat more outliers than predicted by the model.
Combining these three elements, given a stellar mass
and redshift, we can predict a halo mass and virial radius,
a concentration and scale radius, and finally a radius ro.
Figure 2. Mean dark matter density within the 3D radius ro
corresponding to the isophotal radius R23.5, ρ¯23.5, versus stellar
mass. The solid curves show the mean relations for z = 0 to
z = 3, as labelled, while the hatched region shows the 2-σ range
expected, given the models for scatter discussed in the text.
From these it is straightforward to calculate the mass of
dark matter enclosed within ro, and thus the mean density
ρ¯23.5. Fig. 2 shows the resulting mean relations (solid curves,
for z = 0 to z = 3 from bottom to top) and the 2-σ range
expected given the models for scatter given above. The total
scatter has a r.m.s. of σlog ρ ∼ 0.24, and is dominated by the
scatter in concentration, and then in R23.5. The contribution
due to scatter in the SHMR is not significant, though it may
be underestimated slightly since we apply it to the HSMR
rather than the SHMR.
As expected, the trend of mean density with stellar mass
is generally fairly flat, changing from very slightly negative
at low mass to positive at high mass, depending on redshift.
While the mean relation increases by a factor of 2–5, de-
pending on the mass range, from z = 0 to z = 3, the range
of the 2-σ scatter corresponds to a factor of 30–40. Over-
all, the analytic model validates the estimate derived in the
previous section.
Both the scaling relation derived above and the more de-
tailed analytic model indicate that mean density should be
relatively independent of stellar mass, and should increase
systematically with redshift. On the other hand, it seems
that the halo-to-halo scatter may obscure the trend with
redshift, since the former is a factor of 30–40, whereas the
latter is only a factor or 2–5. We should reconsider the mean-
ing of“redshift” in this context, however. Our analytic model
assumes the virial density appropriate for a given redshift in
order to calculate the virial radius, and uses the mean (field)
concentration-mass relation at that redshift to calculate the
scale radius and density normalization ρ0. Thus, it assumes
that a galaxy occupies a typical field halo at that redshift.
If galaxy halos do indeed have typical field properties when
they first fall in to the cluster, and tidal stripping preserves
their central density profile, then our predictions should be
correct if we take the redshift in the analytic model to be
the infall redshift of the galaxy.
There are several complications to this. First, the halos
MNRAS 000, 1–17 (2019)
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of cluster galaxies formed and evolved in an unusually dense
environment even before they fell in to the cluster, and thus
will have assembled their mass earlier than average. This
in turn implies that they will have higher-than-average con-
centrations, since concentration is related to formation time
(e.g. Navarro et al. 1997; Wechsler et al. 2002; Zhao et al.
2009). Thus, mean density may vary more strongly with red-
shift than predicted by the analytic model. Second, the as-
sumption that cluster galaxies preserve their infall proper-
ties, or at least the value of ρ¯23.5 calculated from these, may
be unrealistic. Tidal stripping could reduce the inner density
of subhalos slightly, although the magnitude of the effect is
not expected to be large (e.g. the density should drop by
only 20% for 50% mass loss – Hayashi et al. 2003; see also
Drakos et al. 2017). Major mergers between subhalos may
have more significant effects, however, and could be common
for more massive galaxies as they are accreted through mul-
tiple stages of hierarchical merging in groups, before falling
in to the final cluster.
Finally, galaxies may modify the dark matter potential
of their halo or subhalo via baryonic effects such as adiabatic
contraction; these effects are discussed in Section 5.
2.3 Results from Cosmological Simulations
To test how the inner densities of subhalos compare to those
of field halos, we have examined substructure in a set of
high-resolution cosmological dark-matter-only simulations
of cluster formation. Subhalo orbits and merger rates in
these simulations will be discussed further in forthcoming
work (Shin et al. in preparation).
The original simulations were carried out earlier, in
a slight variant of our Planck cosmology, with parameters
Ωm,0 = 0.3, ΩΛ,0 = 0.7, H0 = 68 km/s/Mpc, σ8 = 0.82 and
n = 0.96 (with the exception of Ωm,0 = 0.3, these are within
about 2σ of the Planck 2018 values). Multi-scale initial con-
ditions were generated using the package MUSIC (Hahn &
Abel 2011), with position and velocity displacements cal-
culated using second-order Lagrangian perturbation theory,
and a transfer function calculated using the CAMB pack-
age (Lewis et al. 2000)4. The largest box, 140h−1 Mpc on
a side, was evolved from z = 200 down to z = 0, using the
N -body code GADGET2 (Springel 2005), with particles of
mass 1.7× 109M/h and a softening length of 5.469 kpc/h.
Halos were identified in the final output at z = 0, using
a parallel friends-of-friends (FoF) algorithm (Kim & Park
2006). A subset of these were chosen for resimulation at
higher resolution, using several levels of refinement, and fol-
lowing the prescription of On˜orbe et al. (2014) to deter-
mine the minimum (ellipsoidal) Lagrangian volume to res-
imulate. The highest resolution resimulations had a particle
mass mp = 3.32 × 106M/h and a softening length of  =
0.683 kpc/h. From this final set of resimulations, we saved
120 outputs between redshifts z = 9 and z = 0. The Amiga
Halo Finder (AHF) (Knollmann & Knebe 2009) was used
to identify halos and subhalos in each output, and generate
merger trees for all subhalos within the virial radius at the
final output.
In this work we considered in detail the substructure
4 Available at http://camb.info
within three high-resolution clusters, each with mp =
3.32 × 106M/h and  = 0.683 kpc/h. These had final
virial masses (defined in terms of the spherical collapse over-
density) in the range 1.2–1.5×1014M, whereas the esti-
mated mass of Virgo is roughly 3 times this (4.2×1014M
– McLaughlin 1999; see Grossauer et al. 2015 for a brief
discussion of the uncertainties on this estimate). To correct
for this, we rescaled the units of the simulations, scaling
masses by a factor of 3, and radii by a factor of 31/3, such
that the mean density of each halo and subhalo remains the
same. For reasons of computational efficiency, the cluster
sample chosen for resimulation was selected to have small
Lagrangian volumes at a given mass in the original simula-
tion, and may not be fully representative. While we did not
see any superficial trends between final cluster properties
and initial Lagrangian volume, all three clusters considered
here have fairly recent formation times, with significant ac-
cretion after z = 0.2 (especially one, which experiences a
major merger around z ∼ 0.1). In future work, we will ex-
plore the effect of formation history on subhalo density for
a larger and more diverse sample of clusters.
The three clusters each had more than 5000 well-
resolved subhalos within their virial radius. For each sub-
halo, we measured the mass enclosed within a set of shells
of fixed physical radius ranging from 1 to 32 kpc (before scal-
ing), centred around the subhalo centre defined by AHF. We
sorted subhalos by the mass enclosed within 16 kpc, elim-
inating in the process any subhalos that had been tidally
stripped to this radius or less. We then selected the 190 sub-
halos with the largest masses within 16 kpc, M16, to match
the 190 objects in the SHIVir sample (discussed in section
3 below). Stellar masses and outer galaxy radii ro were as-
signed to these objects by abundance matching, that is as-
suming a monotonic relationship between stellar mass and
the subhalo mass M16. Finally, interpolating between the
masses within fixed radii, we determined the mass enclosed
within the outer radius ro assigned to each object, and thus
the mean dark matter density equivalent to ρ¯23.5.
As discussed further in Section 3, the 190 SHIVir ob-
jects sample a representative fraction of the most massive
galaxies in Virgo. Furthermore, given the scatter in the
SHMR, the most massive galaxies will not necessarily occupy
the most massive subhalos. We experimented with abun-
dance matching on a fraction of a larger sample of subhalos,
and found this had only a minimal effect on our results, re-
ducing the mean densities very slightly, as enclosed masses
were being measured in less massive objects. We also exper-
imented with sorting subhalos by M32, the mass enclosed
within 32 kpc, and found this had no significant effect on
the results either.
Fig. 3 shows the comparison between the analytic model
for field halos discussed previously, with the 2-σ range of
scatter expected, and the results for simulated subhalos.
The (blue) circles show values calculated for simulated sub-
halos within one cluster, with units scaled as described above
to correct for the lower mass of the cluster relative to Virgo.
Dark blue squares show subhalos that are not properly re-
solved in the simulation, in the sense that ro is less than the
softening length. The high-resolution volume of the simula-
tion also contains a few field halos outside the cluster; these
are shown by the magenta triangles. (Note that these ob-
jects did not have their masses and radii rescaled, since they
MNRAS 000, 1–17 (2019)
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are not subhalos within a larger system. Stellar mass was as-
signed based on their halo mass, using the SHMR discussed
in section 2.2.)
Overall, there is good agreement between the simula-
tion results and the analytic predictions; subhalo density
within ro depends only weakly on mass, and has roughly the
normalization and scatter predicted by the analytic models.
There is a visible trend in the subhalo distribution of de-
creasing density with increasing mass, which is is expected
as the more massive subhalos have formed and merged more
recently, and should therefore match the low-redshift mean
field relations. There are also a few outliers in the subhalo
sample beyond the predicted 2-σ contour, both at high and
at low density. These are systems with particularly large or
small values of ro, that is they correspond directly to the
outliers in Fig. 1. These outliers reappear in Fig. 3 because
we have used the observed values of ro from the SHIVir sam-
ple to set where to measure ρ¯23.5 in the simulations, abun-
dance matching between individual SHIVir galaxies and the
subhalos, as explained above.
Given our adopted scaling, at the largest stellar masses
(M∗ > 4×1010M), the mean relation between density and
stellar mass may be 20–30% lower in the simulations than
in the analytic model. Numerical effects such as relaxation
(Diemand et al. 2004) could explain some of this offset, al-
though we would expect these effects to dominate at smaller
masses. (The less massive subhalos are about as dense as
expected, though since they generally formed earlier, they
should be compared with the higher-redshift predictions.)
Our analytic model also ignores the effect of tidal stripping
on the inner density. Stripping could affect the central den-
sity in principle, although detailed work by Hayashi et al.
(2003) modelling the effect of stripping on the density profile
shows that, given the fractional mass loss rates expected for
typical subhalos, the reduction in central density is only a
factor of 10–20%.
The few field halos present in the high-resolution volume
of the simulation (magenta triangles) provide additional ev-
idence for this, since they should not suffer from tidal strip-
ping. In general, they have densities consistent with the pre-
dictions for isolated systems at z = 0. There are, however,
too few of them to constrain the mean density precisely.
Overall, we conclude that taken together, the analytic
and numerical results provide a reasonable range of predic-
tions with which to compare the observational results from
SHIVir.
3 HALO DENSITIES IN THE SHIVIR SURVEY
Having established that the inner density of dark matter ha-
los or subhalos, measured at the outer radius of the galaxy
ro, should depend only weakly on halo or stellar mass, but
vary systematically with infall or formation redshift, we now
consider observational determinations of this quantity in
Virgo, using data from the SHIVir survey.
3.1 The SHIVir Survey
The Spectroscopy and H-band Imaging of the Virgo clus-
ter (SHIVir) survey is an ongoing photometric and spectro-
scopic survey of the Virgo cluster, aimed at understanding
Figure 3. Mean dark matter density within ro versus stellar
mass, for the analytic model and the simulations. The solid curves
and hatched region show the predictions of the analytic model,
as in Fig. 2. The (blue) circles show values calculated for sim-
ulated subhalos, using the method described in the text. Dark
blue squares show under-resolved subhalos where ro is less than
the softening length. Magenta triangles show values for field halos
in the high-resolution region of the simulation.
galaxy dynamics and scaling relations over a broad range of
stellar mass, age and metallicity, throughout the cluster. The
data include optical and near-infrared photometry in multi-
ple bands, as well as long-slit spectroscopy. An overview of
the survey, as well as the data, analysis methods, and the
results used here are presented in detail in (Ouellette et al.
2017, Ouellette et al. in prep.).
The survey sample draws from the set of the galaxies
in the magnitude-limited Virgo Cluster Catalog (Binggeli
et al. 1985a, hereafter VCC) for which optical imaging was
available in the Sloan Digital Sky Survey 6th Data Release
(Adelman-McCarthy et al. 2008). Of these, a morphologi-
cally representative subsample of 286 galaxies were imaged
at H-band (McDonald et al. 2009). Deep long-slit spec-
troscopy was acquired for 140 of these objects, including 37
in the ACSVCS (Coˆte´ et al. 2004), and 103 in dedicated
SHIVir programmes described in Ouellette et al. (2017).
These were combined with reliable linewidths from the lit-
erature for 50 other objects, to give a final sample of 190
galaxies. The sample covers more than half the spatial ex-
tent of Virgo, out to and even beyond its estimated virial
radius. In particular, the areas around M87 and M60 are
well sampled, although the area around M49 is incomplete,
as discussed in Section 4.
Dynamics for the SHIVir sample were determined from
red emission features (Hα, [NII]) for gas-rich systems, and
blue absorption features for gas-poor systems. Extended ro-
tation curves, corrected for inclination, were determined for
46 objects. Using these, Ouellette et al. (2017) established
that a velocity measured at R23.5, the projected radius cor-
responding to the i-band 23.5 mag arcsec−2 isophotal level,
gives the smallest scatter in the stellar-to-halo mass relation.
For this reason, all structural quantities for galaxies were
measured within R23.5. Similarly, velocity dispersions were
calculated for 135 early-type galaxies at various multiples
of the effective radius Re, and the value at one effective ra-
dius was used to estimate the dynamical mass within R23.5.
(While the ratio R23.5/Re for SHIVir galaxies is ∼2 on aver-
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age for SHIVir galaxies, and varies considerably from system
to system, the change in the velocity dispersion between the
two radii is negligible, so the value measured at 1 Re was
used.) The stellar mass within the same radius was also es-
timated for both samples, using the integrated luminosity
and a stellar mass-to-light ratio based on the multi-band
optical and near infrared colours (Roediger et al. 2011a,b).
Gas masses, where available, were taken from the ALFALFA
α.40 catalogue (Haynes et al. 2011). Subtracting stellar mass
and gas mass from the dynamical mass, the total dark mat-
ter mass within R23.5 was estimated for all 190 objects.
It is not clear exactly what uncertainties to associate
with these measurements. Typical systematic errors in the
R23.5 measurements are in the range of 15-20%, which is
negligible relative to the scatter in the R23.5–M∗ relation
(shown previously in Fig. 1). The error in the enclosed dark
matter mass is assumed to be dominated by the error in
the stellar mass that is subtracted from the total dynami-
cal mass; we take this to be a fixed 0.3 dex (or a factor of
2), although in practice it will depend on magnitude and
galaxy type. Thus we will take the error in the mean dark
matter density to be σρ¯ = 3M∗/(2piR323.5). This uncertainty
is mainly a concern for objects with low dynamical and/or
dark matter masses, where the dark contribution to the po-
tential is only marginally detected.
There are several other error sources that may affect our
estimates. Not all late-type galaxies in the sample had reli-
able distance estimates; in cases where these were lacking, a
distance of 16.5 Mpc was assumed. Systematic uncertainties
in the stellar mass due to the choice of initial mass function
can exceed 0.3 dex, while other modelling choices may con-
tribute an additional 0.2 dex to the error budget (Roediger
& Courteau 2015). Since larger errors in stellar or dark mat-
ter mass would reduce the significance of any radial trend in
dark matter density with environment, correcting for these
errors would actually increase the significance of the result
reported below. Thus we make the conservative assumption
that the errors are only 0.3 dex in stellar mass.
3.2 Comparison to Theory
Figure 4 shows the mean dark matter density estimated for
the 190 SHIVir galaxies (red squares with error bars), com-
pared to the theoretical predictions of the analytic model
(solid curves and shaded region, as in Fig. 2) and the cluster
simulations (blue points, as in Fig. 3). Overall, the agree-
ment between the observational results and the theoretical
predictions is reasonable. The mean dark matter density is
similar (∼2–3 ×107M/kpc3), as is the scatter (a factor of
5–10), and there is no particular trend with stellar mass.
The observations are particularly close to the subhalo dis-
tribution for stellar masses < 2× 1010M; above this mass,
the observed systems are 3–4 times denser, although their
densities match those predicted by the analytic model for
z = 2–3. At intermediate to low masses (M∗ ∼ 109M), the
observed systems appear to be slightly less dense (by a fac-
tor of ∼ 2) than the simulated subhalos, although the large
observational errors at low density complicate the compar-
ison. Finally, there is one outlier with a very large density,
the compact elliptical NGC4486B (VCC1297), which is four
times denser than the next densest system. The velocity and
size measurements for this object appear to be correct, so
the reason for its unusual density remains unclear.
Morphological classifications are also available for the
SHIVir sample, from the GOLDMine database (Gavazzi
et al. 2003). As explained in the GOLDMine glossary5, the
numerical Hubble T-types given in the database are a sim-
plified version of the classification scheme used in the Virgo
Cluster Catalog (Binggeli et al. 1985a). Classes −3 to −1
cover the range from dS0 to dE, class 0 is E or E/S0, class
1 is S0, classes 2–9 cover the range S0a/Sa–Sd, classes 10–
13 cover Sdm–Im–Pec, 14–17 are blue compact dwarfs, while
18–20 are other dwarf types or unknown. In the SHIVir sam-
ple, early-type galaxies have a Hubble type between −3 and
2 inclusively, while late-type galaxies range between 3 and
20 inclusively.
Fig. 5 shows the trends in density versus stellar mass,
splitting the sample by morphological type. Dwarf ellipti-
cals (T-type −3 to −1, inverted pink triangles) generally
have slightly lower densities than expected, particularly at
higher stellar masses. Giant ellipticals and S0s (T-types 0–1,
upright red triangles and orange squares respectively) have
densities above the mean value predicted by the analytic
model, especially at higher stellar masses. Spirals (T-types
2–9, open blue squares) lie below the mean relation, except
for a few exceptions at large or small stellar masses. Finally
irregulars, blue compact galaxies and the other dwarf classes
generally have densities below the mean relation. Overall,
although the different morphological classes tend to have
systematically higher or lower dark matter densities, there
are enough exceptions in every class to cause us to seek a
different explanation for the observed range in density.
Comparing to the model predictions, the range in dark
matter density measured in the SHIVir sample suggests that
we may be seeing systematic differences in formation epoch.
Since the location of objects in the cluster should be corre-
lated with their infall and formation redshifts, it is interest-
ing to consider dark matter density with respect to spatial
location within the cluster, to see if any systematic patterns
are visible. We will address this question next.
4 PATTERNS IN THE SPATIAL
DISTRIBUTION WITHIN VIRGO
4.1 Known Virgo Substructure
The Virgo cluster is a relatively unrelaxed system, with clear
spatial and kinematic substructure in the galaxy distribution
(e.g. de Vaucouleurs 1961; Binggeli et al. 1985b; Gavazzi
et al. 1999; Boselli et al. 2014) that is also detected in X-ray
emission (Bo¨hringer et al. 1994) and the distribution of glob-
ular clusters (Durrell et al. 2014). In particular, the cluster
includes two main structural components, Virgo ‘A’ centred
on M87 and Virgo ‘B’ centred on M49, several smaller sub-
units, including ‘Virgo C’ centred on M60, a possible subunit
centred on M86, the diffuse clouds W, W′, and M, and the
southern extension which leads away from the cluster to the
southeast (Boselli et al. 2014). Of these, the SHIVir sur-
vey covers components A and C, and the eastern edge of B,
while avoiding most of the confusion from the background
5 http://goldmine.mib.infn.it/glossary.html
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Figure 4. Mean dark matter density within ro versus stellar mass, for the analytic model, the simulations, and the SHIVir sample. The
solid curves and hatched region show the predictions of the analytic model and expected 2-σ scatter, as in Fig. 2. The (blue) circles show
values calculated for simulated subhalos, as in Fig. 3. The (red) squares with vertical error bars indicate the values measured for the
SHIVir sample. Errors in M∗ are not shown for clarity, but are assumed to be approximately 0.3 dex at all stellar masses.
Figure 5. Mean dark matter density within ro versus stellar mass
for the SHIVir sample, as in Fig. 4, but split by morphological
T-type. Symbols indicate T-type −3 to −1 (inverted pink tri-
angles), 0 (upright red triangles), 1 (orange squares), 2–9 (open
blue squares), 10–13 (open blue triangles), and 14–20 (open black
circles).
W, W′, and M structures (Ouellette et al. 2017; Kourkchi &
Tully 2017). Fig. 6 illustrates the galaxy distribution from
the VCC and SHIVir catalogues, as well as a few of the main
subcomponents and their central galaxies.
Given this structural complexity, we will consider two
main indicators of a galaxy’s environment. The first is the
projected separation between the galaxy and M87, Rp,M87,
calculated in kpc or Mpc assuming both galaxies lie at the
same line of sight distance, 16.5 Mpc (Mei et al. 2007; Fer-
rarese et al. 2012). This measure has the advantage of sim-
plicity, but ignores the substructure within the cluster. The
second is Rp,min, the projected separation from the centre
of the nearest structural unit, scaled to the approximate
size of that unit. Following Boselli et al. (2014), we take as
units the components A, B and C, with centres at the posi-
tions of M87, M49 and M60 (i.e. at coordinates (r.a., dec.)
= (187.70◦, 12.39◦), (187.44◦, 8.00◦), (190.91◦, 11.55◦)) and
sizes 2.692◦, 1.667◦, 0.7◦ (or RA, RB, RC =775, 480 and 202
kpc) respectively. The scaling with size reflects the fact that
if components A, B and C are distinct, unmerged halos,
with different masses and virial radii, we expect environ-
mental trends to scale with virial radius, which we assume
is proportional to the size defined in Boselli et al. (2014).
4.2 Density versus Environment: Basic Pattern
Fig. 7 shows mean dark matter density within ro versus posi-
tion within the cluster, in terms of either Rp,M87 (top panel,
in Mpc), or Rp,min (bottom panel, in units of the size of the
closest substructure, as defined in Boselli et al. (2014)). In
terms of Rp,M87, we see a trend in density with projected
separation, although it is obscured by a number of outliers.
At separations of< 800 kpc, approximately the size of region
A, the trend is fairly strong; about half the galaxies in the
range Rp,M87 = 0–0.65 have densities ρ¯dm,23.5 > 3×107 M
kpc−3, while only a few do in the range Rp,M87 = 0.65–0.8.
At larger separations, the median density is still fairly low,
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Figure 6. Overview of the Virgo Cluster, showing the main sub-
components. Open grey circles are galaxies from the VCC cata-
logue, with symbols size indicating BT magnitudes. Filled green
triangles are objects in the SHIVir survey, which covers the east-
ern half of the cluster. Dashed red circles indicate the main sub-
structures in the cluster, as defined in Boselli et al. (2014). Blue
crosses indicate the positions of the central galaxies in compo-
nents A, B, C.
but there is more scatter. Some of this may reflect the com-
plex structure of Virgo, however. In the lower panel, we plot
density versus scaled distance to the nearest substructure,
Rp,min. This shifts some of the denser galaxies to smaller
separations, though the effect is not dramatic, possibly be-
cause the SHIVir survey only samples the structures A and
C, and part of a third structure, B, so for most objects in
the survey Rp,min is proportional to Rp,M87. The simula-
tions show similar trends in density with environment, as
discussed in Appendix C.
We can get a better sense of environment by plotting
dark matter density as a function of projected 2D posi-
tion within the cluster. Fig. 8 shows the distribution of the
SHIVir sample, coloured by density. Symbol type indicates
the value of log(ρ¯dm,23.5), with black, blue, cyan and green
circles indicating the ranges < 6.7, 6.7–7.0, 7.0–7.3, and 7.3–
7.6, while yellow, orange, red, and dark red diamonds indi-
cate the ranges 7.6–7.9, 7.9–8.2, 8.2–8.5, and > 8.5. Dashed
circles indicate the positions and sizes of the substructures
A, B, C, LVC and M discussed in section 4.1. In this view, the
structure of the cluster emerges dramatically. Dense galaxies
in and around region A show a clear spatial gradient ( and
the densest galaxy, VCC1297, lies very close to the centre
of this region). Outside this region, there are some dense
galaxies, but some are clearly associated with component
C, while others appear to lie with component B (although
SHIVir coverage is very incomplete in this region). Despite
the limited sample size, spatial incompleteness, and projec-
tion effects, there is a distinct impression that the distribu-
tion of ρ¯dm,23.5 is strongly correlated with local environment,
with denser galaxies tracing out the cores of the oldest and
Figure 7. Mean dark matter density within ro versus projected
position within the cluster, in terms of either Rp,M87 (top panel,
in Mpc), or Rp,min (bottom panel, in units of the size of the
closest substructure, as defined in Boselli et al. 2014).
densest subunits of the cluster. We will proceed to test this
hypothesis statistically in the next section.
4.3 Density versus Environment: Statistical Tests
There are several ways to test the significance of the pattern
in Fig. 8. The simplest is to consider samples at large and
small radii, and use a (two-sample) Kolmogorov-Smirnoff
(KS) test to calculate the probability that either is drawn
from the distribution given by the other. A free parameter
in this test is the radius Rp,M87 at which to make the cut
between the inner and outer samples. Given the pattern in
Fig. 8, it seems this should be about half to two thirds the
radius of component A. Comparing inner and out subsam-
ples defined by various radial boundaries, we find 2.5-2.7σ
inconsistency between them (p-values of 0.007-0.012) over
the range of cuts (Rp,M87 = 0.4–0.7 Mpc), that produce
reasonable numbers of objects in both bins. The significance
is slightly higher (SNR > 3) for cuts at very small radii
(Rp,M87 < 0.2 Mpc), but we consider this result less robust
given the small number of objects (< 10, or 5% of the sam-
ple) in the inner bin.
By selecting on Rp,M87 alone, we are ignoring the sub-
structure around M60 and M49. If we select only the core
region around M87, defined by Rp,M87 < RA, we find that
cuts around Rp,M87 ∼ 0.5–0.6 Mpc show a discrepancy be-
tween the inner and outer samples at a significance of 2.8–
3.1σ, while considering the whole cluster, but excluding re-
gions close to M60 or M49 (objects with projected sepa-
rations from these galaxies of less than 1.2 RC or 1.2 RA
respectively), we find a significance of 2.6–3.2σ. We can in-
clude the clustering signal from galaxies in the secondary
structural units by cutting on Rp,min, the scaled distance to
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Figure 8. Density as a function of projected position for the SHIVir sample. Symbol type and colour indicate the value of log(ρ¯dm,23.5),
with the binning indicated in units of M kpc−3. Dashed circles indicate the positions and sizes of the substructures A, B, C, LVC and
M discussed in section 4.1.
the nearest substructure. With this larger sample, for cuts
at Rp,min = 0.6–0.7, we now find a significance of 3.5–4σ.
Figure 9 shows the normalized, cumulative distribution of
densities in inner and outer samples, cut at Rp,min = 0.6.
The outer sample has a median density around the value
log[ρ¯dm,23.5/(Mkpc−3)] = 7.15, and few objects above 7.6.
The inner sample has a median density around 7.45; it in-
cludes objects at low densities (some of which may be fore-
ground/background systems with small projected separa-
tions), but a third of the objects lie at values of 7.6 or more.
Given the trends in density with morphological type
shown in Fig. 5, the clustering signal could simply be due
to the morphology-density relation. We can test this pos-
sibility by splitting the sample by morphological type. For
subsamples that are large enough, we find that the clustering
signal is still present, albeit at slightly reduced significance.
Thus, for instance cutting at Rp,min = 0.6, we find that early
types (T < 3) show a signal at 2.8σ significance, while late
types (T = 3–13) show a signal at 2.3σ. For our other tests,
the significance is generally in the range 2–3 sigma, and the
cuts that produce the clearest separation between inner and
outer samples are fairly consistent from one morphological
type to the other. We conclude that the radial trends we see
are robust to morphological selection, and are not simply a
consequence of the morphology-density relation. (We have
also considered the effect of stellar mass, and found that
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Figure 9. Cumulative distributions of dark matter density
log[ρ¯dm,23.5/(Mkpc−3)], for samples with Rp,min ≤ 0.6 and
Rp,min > 0.6.
a clustering signal is present at both high and low stellar
masses.)
The strength of the radial clustering signal is particu-
larly striking, given possible contamination due to projec-
tion effects. We have experimented with cuts in distance, to
select only those objects most likely to be close to the line-
of-sight distance of the cluster. We find these are not very
effective, removing objects from the inner and outer sam-
ples without increasing the significance of the discrepancy
between them significantly. This may be because the typical
distance errors are comparable to or larger than the size of
the central region, and thus do not distinguish between pro-
jected and central objects very effectively. Redshift cuts are
slightly more effective. In particular, restricting the sample
to objects with z =0–0.008, we find a signal at a significance
of 3.8-4.1σ for Rp,min = 0.6–0.7. Here too, though, the com-
plex, broad velocity distribution within the cluster and its
low redshift combine to make more accurate line-of-sight se-
lection difficult.
We have also tried several other two-sample KS
tests, including tests on the distributions of Rp,min and
Rp,M87, selected by ρ¯dm,23.5. We find a consistent pat-
tern, albeit at comparable or slightly lower significance;
dividing into high and low density samples above/below
log[ρ¯dm,23.5/(Mkpc−3)] = 7.6, for instance, we find a 3.5σ
discrepancy in the distribution of Rp,min. Cutting the sam-
ples into high and low density at log[ρ¯dm,23.5/(Mkpc−3)] =
7.4, 23% of the low-density galaxies lie at Rp,min ≤ 0.6,
whereas 50% of the high-density galaxies do. Finally, we have
tried using the offset from the mean scaling relation
log[ρ¯dm,23.5/(Mkpc
−3)] = 7.65− 0.25 log(M∗/108M) ,
rather than the density ρ¯dm,23.5, in our previous tests. Here
too, there is a clustering signal, but with a slightly lower
(2.9σ) significance.
In summary, the basic pattern seen in Fig. 8, that
denser objects are preferentially located close to the centres
of structures A, B and C, is found to hold at the 2–3σ level
for early or late morphological types considered separately.
The significance reaches 3.5–4σ when the entire sample is
considered. Although dark matter density does show a com-
plex correlation with morphological type and stellar mass
(cf. Fig. 5), our tests with morphological or mass-selected
subsamples indicate that the trend in dark matter density
with environment that we have identified is real and spans
a broad range of galaxy types and masses.
5 DISCUSSION
5.1 Comparison to Previous Work
While the SHIVir survey provides contiguous coverage for a
large fraction of the Virgo cluster, estimates of dark matter
density are available for a number of other samples of indi-
vidual galaxies. Thomas et al. (2009) derived mass models
for 16 galaxies in the Coma cluster, while Alabi et al. (2017)
derived mass models for 32 galaxies in various environments.
Enclosed dark matter masses and densities were calculated
using mass modelling similar to the SHIVir analysis, but
with apertures of 2Re and 5Re for the two studies, respec-
tively. The former are generally smaller than our R23.5, while
the latter are smaller for ∼ 40% of the sample, so we correct
all of these measurements to a common radius by dividing
the ratio g(xap)/g(xo), where g(x) = f(x)/x
3 describes the
scaling of the mean density with radius for an NFW profile.
This correction requires a concentration parameter; we have
calculated it assuming the mean concentration predicted by
our analytic model for a galaxy of a given stellar mass at red-
shift z = 0, and also using the concentrations determined for
the individual systems in the case of the Alabi et al. sample.
We find the differences between the resulting distributions
are minor, so we will plot the former for simplicity.
Fig. 10 shows the samples from Thomas et al. (2009)
and Alabi et al. (2017), together with the SHIVir sample. We
see that there is excellent agreement between the samples in
the mean and scatter in dark matter density, and also in the
slight decreasing trend with mass. The two other samples
extend the SHIVir results to higher mass, but are generally
consistent with the mean scaling relation ρ¯23.5 ∝M−0.25∗ de-
rived for the SHIVir survey. The SHIVir data indicates that
this fairly shallow relation extends over a surprising four or-
ders of magnitude in mass. Considering the high mass end of
the relation in more detail, we note the densities measured
in the two other surveys lie at the lower end of the range
seen in SHIVir. In deriving the correction to a common ra-
dius, we assumed z = 0 concentrations; if we assumed higher
redshift concentrations this would raise the points slightly.
It may also be however, that the two other samples lie in lo-
cal environments with lower densities. We will consider the
properties of these other samples, notably the positions of
the individual galaxies within groups or clusters, in more
detail in future work.
5.2 The Effect of Baryons
So far in our interpretation of dark matter densities, we have
ignored the complicating effects of baryons. Gas can cool and
dissipate within dark matter halos, sinking to the centre and
increasing the depth of the potential. If it occurs slowly, this
process will drag the dark matter with it, increasing the
dark matter density. The classic calculation of this effect
(Blumenthal et al. 1986; see also Eggen et al. 1962; Barnes &
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Figure 10. Mean dark matter density within ro versus stellar
mass, as in Fig. 4. Solid (red) squares are the SHIVir sample;
open (orange) squares are the sample of Alabi et al. (2017), from
a range of environments, while open (green) triangles are the sam-
ple of Thomas et al. (2009) from the Coma cluster. The latter two
data sets have both been corrected to a common radius ro, assum-
ing dark matter follows an NFW profile with the concentration
predicted by our analytic model at z = 0. The dashed (blue) line
shows the mean scaling relation ρ¯23.5 ∝ M−0.25∗ derived for the
SHIVir survey.
White 1984; Ryden & Gunn 1987) assumes the contraction
is slow enough that the adiabatic invariants of individual
particle orbits are conserved. If these orbits are circular and
shells of matter do not cross, the adiabatic invariant for a
given shell of radius r enclosing mass M(r) is simply rM(r),
leading to the result
rf/ri = Mi/Mf . (22)
where subscripts i and f indicate the initial and final values,
respectively. Gnedin et al. (2004) generalized this result to
eccentric orbits, predicting a somewhat weaker contraction,
as did Abadi et al. (2010). A convenient parameterization
of the whole set of predictions, suggested by Dutton et al.
(2015), is:
rf/ri = a+ b(Mi/Mf + c)
d (23)
where a = c = 0, b = d = 1 for the classic prediction, and
a = c = 0, b = 1, d ∼ 0.8 for the model of Gnedin et al.
(2004).
Here, we are typically measuring the mass distribution
out at radii where dark matter dominates over baryons, so
we expect even the classic estimate of adiabatic contraction
to predict only modest changes in density. In Appendix B,
we derive the contraction factor for a region with a final
stellar-to-dark-matter ratio Rbd:
ri/rf = (Rbd + 1)(1− fb) , (24)
in the classic case, or
ri/rf = [(Rbd + 1)(1− fb)]0.8 , (25)
for the model of Gnedin et al. (2004), where fb is the baryon
fraction of the initial halo before contraction.
The mean value of Rbd at ro for the SHIVir sample is
0.3, so assuming fb = Ωm/Ωdm = 0.186, the contraction
factor is ri/rf = (Rbd + 1)(1 − fb) = 1.058 for the classic
calculation, or ri/rf = [(Rbd + 1)(1− fb)]0.8 = 1.046 for the
model of Gnedin et al. (2004). At small radii, the enclosed
dark matter mass goes roughly as r2, and thus the dark
matter mass contained within ro will be (ri/rf )
2 = 1.09–
1.12 times larger than expected from the initial halo profile,
depending on the contraction model assumed. We conclude
that while the dark matter densities measured in SHIVir
may be slightly higher due to adiabatic contraction, the net
effect is likely to be small for typical objects in our sample,
even if we use the classical estimate.
There are, however, a number of galaxies in the SHIVir
sample with Rbd > 1, and even some that show little or no
evidence for dark matter within ro. In these cases, baryons
could have had a much larger relative effect, and the dark
matter masses we measure could be much larger than the
uncontracted values. Reducing the initial dark matter den-
sities would move them further from the theoretical predic-
tions, however, even for field objects forming at z = 0, so
it seems unlikely these objects have contracted significantly.
One problem may be the large effect that systematics in the
stellar masses have on the inferred dark matter density when
Rbd becomes small. There is also growing evidence, however,
that baryonic effects may not cause contraction in all galax-
ies, but may have no effect, or even produce expansion in
some cases.
There are several proposed mechanisms by which
baryons may cause the potential to expand, including dy-
namical friction off infalling blobs of material, rapid, cyclic
stellar feedback, supernova feedback, AGN feedback, or
galactic bars (see Dutton et al. 2016, for a recent review).
Simulations suggest that the net effect on the potential may
vary significantly from system to system (Tissera et al. 2010;
Dutton et al. 2016; Tollet et al. 2016), but with an overall
dependence on the stellar-to-halo-mass ratio, and possibly
on the size of the stellar system (Dutton et al. 2016). Ob-
servationally, there are indications that the net results also
depend on environment (e.g. Buote 2017). We note, however,
that almost all of these studies focus on effects at smaller
radii; around ro, the net effect of baryonic processes, whether
causing contraction or expansion, is small.
In summary, current simulations and theoretical argu-
ments do not uniquely identify how baryonic effects will in-
fluence the mass densities measured in our sample. It is clear,
however, that these effects will be small for most of the sam-
ple, which has Rbd < 1. For galaxies with low dark matter
fractions, the low densities inferred from mass modelling sug-
gest that some net expansion may have taken place. These
are mainly dwarf elliptical galaxies, with stellar masses in
the range M∗ = 108.5–109.5M. In that sense, SHIVir mea-
surements are consistent with theoretical models suggesting
that low-mass galaxies may have expanded due to violent
feedback processes, and may now have cored density pro-
files (Di Cintio et al. 2014).
Finally, we address any possible effect on the clustering
signal. We have rerun our statistical tests, excluding objects
with very small dark matter fractions, and find that the
clustering pattern remains robust, albeit at slightly reduced
significance if we eliminate too many systems. Systems with
high dark matter fractions within ro are unlikely to be af-
fected by adiabatic contraction, and thus their high dark
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matter densities are likely to be primordial. The status of
the objects with very low dark matter densities is less clear;
they may have experienced some expansion due to baryonic
effects, but current mass modelling uncertainties do not al-
low firm conclusions on an object-by-object basis (Courteau
et al. 2014).
5.3 Connection to Fundamental Plane Offsets
It is interesting to explore the connection between dark mat-
ter density and other structural properties of galaxies, such
as the Fundamental Plane (FP), the correlation between
size, surface brightness and velocity dispersion. Ouellette et
al. (2017) constructed the FP for the 88 early-type (E or
dE to Sa) galaxies in Virgo, and examined residuals with
respect to the plane, as a function of various galaxy proper-
ties. They found correlations with two related properties, the
total-mass-to-light ratio and the stellar-to-total mass ratio;
they considered the latter more significant and more funda-
mental.
In Fig. 11, we show dark matter density versus stel-
lar mass, with points coloured by FP residual (top panel
– black/blue negative residuals, orange/red positive resid-
uals), and FP residuals versus dark matter density, with
points coloured by stellar mass (bottom panel – black/blue
low stellar masses, orange/red high stellar masses). Examin-
ing these two plots, we find several trends. First, FP resid-
uals do not correlate monotonically with stellar mass nor
with dark matter density. On the other hand, in this plane,
objects with high FP residuals do seem to fall into two cat-
egories, either objects with large stellar masses and high
dark matter densities, that we infer to be the oldest massive
galaxies in the central region of the cluster, or the opposite
extreme, low-mass galaxies with low densities, which could
be dEs or dS0s affected by feedback or harassment. Between
these two regimes, objects have small and/or negative FP
residuals.
In the bottom panel, we see a different projection of
the same trend. In general, FP residuals increase with dark
matter density, and the densest objects are high-stellar mass
galaxies with positive FP residuals. On the other hand, some
low stellar mass systems have low dark matter densities and
a large range of (mainly positive) FP residuals. It seems
likely that multiple processes are contributing to the scat-
ter in the FP, and more detailed work will be required to
establish the exact mechanisms involved. We have also ex-
amined FP residuals as a function of spatial location, but
do not find any single clear pattern, unlike for dark matter
density.
5.4 Outliers from the Mean Radial Trend and
Kinematic Groups
While the presence of low-density objects at small separa-
tions from the centres of structures A, B and C is easily
understood as a consequence of projection effects, or re-
cent infall from the field on very radial orbits, the presence
of dense objects outside the cluster core is less intuitive.
We have examined the dozen galaxies in Fig. 8 with densi-
ties log[ρ¯dm,23.5/(Mkpc−3)] > 7.6 that are located outside
dense regions, and find that they do not consists of a sin-
gle stellar mass range or morphological type, nor do their
Figure 11. Top panel: Dark matter density versus stellar mass,
with points coloured by FP residual, with the binning indi-
cated Bottom panel: FP residuals versus dark matter density, with
points coloured by stellar mass, with the binning in M∗/M in-
dicated.
images show obvious structural peculiarities (although they
do generally have positive FP residuals). Individually, it is
possible these objects formed at high redshift and have not
grown much since, giving them high central dark matter
densities. We note, however, that they appear to be slightly
clustered on the sky, with 8 of them lying to the north-west
of structure A. Given the presence of other substructure in
Virgo in this region, it may be that these galaxies represent
the core of a disrupted group falling into the main cluster.
Unfortunately, the SHIV sample is too sparse, and the dis-
tance estimates to these galaxies are too imprecise, to reach
a firm conclusion.
Selecting objects by density and considering their pro-
jected positions and kinematics reveals other evidence for
dynamical substructure in the cluster. In particular, many
of the dense galaxies close to M87 appear to form a ring-like
structure, and have smoothly varying velocities as a function
of position. This may well represent a disrupting group,
and/or have some connection to the concentration of galax-
ies around M86 (west of M87), but here too the sampling is
too coarse to reach firm conclusions.
6 CONCLUSIONS
In this paper, we have considered the mean density of dark
matter interior to the visible edge of a galaxy, ρ¯dm,23.5 (de-
fined in section 2.1). Assuming the standard empirical re-
lations between stellar mass and halo mass, halo mass and
concentration, and stellar mass and galaxy size, we have
shown that the mean dark matter density is expected to be
approximately independent of halo mass, but to vary with
the redshift zf at which the halo ‘formed’ or established its
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central core density. Using cosmological, dark-matter only
simulations of cluster formation, we have shown that this
central density is generally conserved when field halos merge
into a larger group or cluster environment, except perhaps
for the most massive objects. We conclude that dark mat-
ter density may provide a direct measure of formation epoch,
and thus place limits on the ‘infall’ redshift at which a galaxy
first merged into a group or cluster.
We have tested this hypothesis in the Virgo cluster, us-
ing data from the SHIVir survey. We find that there is in-
deed a clear pattern in the projected spatial distribution of
galaxies as a function of their dark matter density. The dens-
est objects (log[ρ¯dm,23.5/(Mkpc−3)] > 7.4) appear to trace
out the core of the main structural component of the cluster,
centred on M87, as well as the subcomponents centred on
M60 and M49. Statistical (KS) tests indicate the distribu-
tions of density in inner and outer samples are discrepant
at surprisingly high (3.5–4σ) significance, given projection
effects, the complex structure of the cluster, and the limited
sample size. These results confirm previously found trends
in density with environment (Thomas et al. 2009; Alabi et al.
2017), but provide much more complete coverage in stellar
mass and area on the sky within a single cluster, demon-
strating for the first time the full potential of this test.
Clearly, many galaxy properties vary systematically be-
tween the core and outskirts of a cluster, including mean
stellar mass, stellar age, star formation history, colour and
morphology. We emphasize that dark matter density is dif-
ferent, since it is thought to be primarily determined by the
assembly history of the halo within which the galaxy first
formed. In particular, the formation time of the halo is dis-
tinct from the mean stellar age, as emphasized by Hill et al.
(2017); stars may form in a set of smaller galaxies that as-
semble in a dry merger, producing a stellar age older than
the halo formation time, or star formation may be triggered
after a halo assembles, producing a stellar age younger than
the halo age. Knowing the formation epoch of a halo and its
current position gives a much better constraint on its origi-
nal (field) mass before it fell into the cluster, and thus allows
for a much more precise version of (substructure) abundance
matching (e.g. Grossauer et al. 2015).
The interpretation of ρ¯dm,23.5 as an indicator of halo
formation time carries a few caveats. The first and most
important is the influence of baryons on the present-day
dark matter density. The classic estimate of adiabatic con-
traction suggests that it is unimportant for most galaxies in
our sample; given they are generally dark-matter dominated
within R23.5, the predicted increase in density is 30% or less.
Some of the objects with the lowest dark matter densities
may have experienced expansion due to violent feedback,
but our tests indicate that this does not affect the over-
all correlation of ρ¯dm,23.5 with environment significantly. A
second, more minor concern are the systematics involved
in mass modelling, including the IMF, star formation his-
tories and distances assumed. These may introduce stellar
mass errors significantly larger than the ones we have as-
sumed (Courteau et al. 2014). On the other hand, we would
expect larger errors to wash out our inferred clustering sig-
nal, so we conclude that either these errors are not sig-
nificantly larger than assumed, or the underlying clustering
signal is extremely strong. These additional systematics are
most concerning when comparing results from different sur-
veys and in different environments, and suggest the need for
large, homogeneous studies using a single mass-modelling
method.
Overall, measurements of dark matter density appear to
provide a sensitive observational test of halo formation times
and infall redshifts. We have demonstrated the potential of
this method with a large, homogeneous sample of mass es-
timates from the SHIVir survey of Virgo cluster galaxies.
The Virgo cluster is a complex environment, however, with
multiple structural components. Similar studies in other en-
vironments such as the Coma or Fornax clusters could easily
confirm the patterns seen in this work (and also suggested
previously by studies with smaller samples – Thomas et al.
2009; Alabi et al. 2017). With the advent of new spectro-
scopic facilities, notably integral field units (e.g. Sa´nchez et
al. 2012; Bryant et al. 2015; Bundy et al. 2015), there are
excellent prospects for mapping out the density of nearby
galaxies across a wide range of environments.
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APPENDIX A: RADII AND MEAN DENSITIES
IN THE ANALYTIC MODEL
For clarity and to aid physical intuition, we plot some of
the characteristic scales and densities in the analytic model
of Section 2.2, as a function of halo mass and stellar mass.
Figs. A1 and A2 show the outer radius ro, scale radius rs
and virial radius rvir as a function of halo mass and of stellar
mass respectively, for redshifts z = 0, 0.5, 1.0, 1.5, 2.0, 2.5
and 3.0. While the virial radius simply scales as M
1/3
h , the
scale radius has a more complicated behaviour due to the
varying concentration-mass-redshift relation. The outer ra-
dius ro is always smaller than the scale radius, and generally
lies in the range ro 0.1–0.2 rs. The kink in the relationship
between halo mass and stellar mass further distorts these
patterns in Fig. A2.
Figs A3 and A3 show how the mean density function
f(x)/x3 scales with radius, around the values x ≡ r/rs =
0.1–0.2 and x ≡ r/rs = 3–20 respectively. These are the
ranges at which the outer radius ro and the virial radius rvir
typically lie. Lines indicate slopes of −1.1 to −1.3, and −2.1
to −2.5 on the two figures respectively.
Figs. A5 and A6 show the mean density enclosed within
fixed radii of 10 kpc or 20 kpc, as well as the density within
the outer radius radius ro, as a function of halo mass and
of stellar mass respectively, for redshifts z = 0, 0.5, 1.0,
1.5, 2.0, 2.5 and 3.0. While the mean density within a fixed
physical radius increases with halo mass or stellar mass, it
is always lower at the larger radius. Since the outer radius
ro increases with halo mass or stellar mass, the two effects
cancel almost completely, and the mean density within ro is
almost independent of halo mass or stellar mass, declining
by a factor of only 3 or less, over a range of more than 500
in halo mass, or more than 2000 in stellar mass.
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Figure A1. Charactersitic radii as a function of halo
mass, in the analytic model of Section 2.2. The bot-
tom curve shows the outer radius of the galaxy ro. The
middle set of curves show the NFW scale radius rs, for
redshifts z = 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 (from top
to bottom at the high mass end). The upper set of
curves show the virial radius rvir for the same set of
redshifts.
Figure A2. Characteristic radii as a function of stellar
mass, in the analytic model of Section 2.2. Curves are
as in figure A1.
Figure A3. NFW mean density f(x)/x3 as a function
of x ≡ r/rs. Dotted vertical lines indicate the upper
and lower range of typical values for xo = ro/rs. (Dot-
ted red) lines of slope −1.1 and −1.3 are also drawn.
Figure A4. As in figure A3, but for the range typical of
the virial radius. The vertical lines show the upper and
lower range of typical values of c = rvir/rs, while dotted
(red) lines of slope −2.1 and −2.5 are also shown.
APPENDIX B: NET EFFECT OF ADIABATIC
CONTRACTION
In the classic calculation of adiabatic contraction Blumen-
thal et al. (1986), it is assumed that particle orbits are cir-
cular and that shells of matter do not cross as the system
contracts. The adiabatic invariant for a given shell of radius
r, enclosing mass M(r), is then rM(r), To solve for the fi-
nal dark matter distribution, we can write the conservation
equation as
rfMtot,f (rf )− riMtot,i(ri) = 0 (B1)
⇔ rf [Mb,f (rf ) +Md,f (rf )]− ri [Mtot,i(ri)] = 0 (B2)
where ri and rf are the initial and final radius of the
shell, Mtot,f and Mtot,i are the initial and final total mass
within the shell, and Mb and Md are the baryonic and
dark matter components respectively. If we assume that the
baryons trace the dark matter initially, then we can write
Mtot,i(ri) = Md,i(ri)/(1 − fb), where fb is the baryon frac-
tion in the initial conditions. Furthermore, since we have
assumed no shell crossing, Md,i(ri) = Md,f (rf ), and thus
rfMb,f (rf ) + rfMd,f (rf )− riMd,i(ri)/(1− fb) = (B3)
rfMb,f (rf ) + rfMd,i(ri)− riMd,i(ri)/(1− fb) = 0 (B4)
Given a form of the initial matter distribution (e.g. an
unmodified NFW profile) and the final baryon distribution
(e.g. a Sersic profile), we can solve this implicit equation for
ri(rf ), and obtain the contraction factor rf/ri. In general,
if we consider the radius in the final system at which the
stellar-to-dark-matter ratio is Rbd, then
rfRbdMd,f (rf ) + rfMd,i(ri)− riMd,i(ri)/(1− fb) = (B5)
rfRbdMd,i(ri) + rfMd,i(ri)− riMd,i(ri)/(1− fb) = 0 (B6)
⇔ rfRbd + rf − ri/(1− fb) = 0 (B7)
⇔ ri/rf = (Rbd + 1)(1− fb) (B8)
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Figure A5. Mean densities as a function of halo mass,
in the analytic model of Section 2.2. The bottom set of
curves show the mean density within a fixed radius of
20 kpc, for redshifts z = 0, 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0
(from bottom to top at high mass end). The middle set
of curves show the mean density within a fixed radius
of 10 kpc for the same set of redshifts, while the top
set of curves show the mean density within ro.
Figure A6. Mean densities as a function of stellar
mass, in the analytic model of Section 2.2. Curves are
as in Fig. A5
while the Gnedin et al. (2004) model predicts
ri/rf = [(1 +Rbd)(1 + fb)]
0.8. (B9)
APPENDIX C: DENSITY VERSUS POSITION
IN SIMULATED SUBHALOS
The top panel of Fig. C1 shows the mean dark matter den-
sity within ro versus projected position within the cluster, as
in Fig. 7, for subhalos in one of the simulated clusters (green
crosses; note that the subhalos are all within the virial ra-
dius by definition, given our group finding algorithm.) The
magenta circles show densities in a few field halos that lie
close to the cluster within the high-resolution region of the
simulation. The bottom panel shows the same points, com-
pared with the distribution of density versus Rp,M87 in the
SHIVRir sample (blue triangles). Overall, there is reason-
able agreement between the two distributions. While there
is a slight radial gradient in dark matter density in the sim-
ulation results, it is less apparent than in Virgo, possibly
because the simulated cluster has experienced recent major
mergers, as discussed in Section 2.3, and therefore has a less
clearly stratified structure.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Figure C1. Top panel: Mean dark matter density within ro ver-
sus projected position within the cluster, as in Fig. 7, for subhalos
in one of the simulated clusters (green crosses), as well as for a
few nearby field halos in the high-resolution volume (magenta cir-
cles). Bottom panel: The simulation results, compared to the dis-
tribution of density versus Rp,M87 in the SHIVRir sample (blue
triangles).
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